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Abstract 
Intergrating heat recovery can improve the coefficient of performance (COP) of adsorption refrigeration system, and stratified 
storage enables recovery of a large fraction of the total heat that can be recovered in an ideal cycle. In some applications, like solar 
cooling or CHCP, the stratified storage unit used for heat recovery between adsorption and desorption half cycles can serve an 
additional purpose as a buffer storage for the heat driving the cycle. In this study, two experiments, based on the adsorption 
refrigeration test platform of Karlsruhe Institute of Technology (KIT), were conducted to research the variations of cooling capacity 
and COP when the system was disconnected  from any other heat source but the storage, i.e., in a storage discharge operation mode. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Nomenclature 
Qevap the total cooling amount of one cycle, kWh or kJ 
Qdesrop   the energy expensed during desorption half cycle, i.e. the energy consumed in one cycle, kWh or kJ 
'Qstorage the storage discharge of every cycle, kWh or kJ 
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Adsorption refrigeration is an energy conversion system, which utilizes heat energy as driving power (such as solar 
energy, natural gas, waste heat recovery and etc.). Adsorption refrigeration takes advantage of the adsorption effect 
between a given adsorbent (e.g. silica gel) and a refrigerant gas (adsorbate, e.g. water vapour). Adsorption and 
desorption alternate through cooling down and heating up the adsorbent periodically. During desorption half cycle, 
adsorbent releases refrigerant gas and refrigerant gas condenses into liquid; during adsorption half cycle, the refrigerant 
liquid evaporates to absorb heat and produce cooling effect. 
Adsorption refrigeration is usually implemented in the power shortage areas and the CHCP system, where CHP 
operation is a grid-oriented mode, so thermal storage would be a need to match the cooling supply and demand. As 
the peak-valley load difference of cities is increasing in summer, adsorption refrigeration with a storage can be an 
alternative air-conditioning system temporarily when power shortage happens. 
The coefficient of performance (COP) of adsorption refrigeration system has attracted attention of researchers for 
a long time. L. L. Vasiliev, D. A. Mishkinis, A. A. Antukh and L. L. VasilievJr [1] designed a solar and electrical solid 
adsorption machine, which was a hybrid power system and utilized solar and electrical energy simultaneously. The 
researchers studied its COP through experiments, indicated the cooling COP could reach 0.75 through heat recovery. 
C. Hildbrand, P. Dind, M. Pons and M. Buchter [2] only took solar energy as the driving power, pointed out that for 
the operating conditions considered, the COPs of working pair silica gel-water (adsorbent–adsorbate) were better than 
other adsorption system, such as the adsorption systems of zeolite–water [3] and carbon–methanol [4][5][6]. 
The Building Technology Group of Institute of Fluid Machinery (FSM), Karlsruhe Institute of Technology (KIT) 
have been researching the heat recovery of adsorption refrigeration system for several years[7][8][9] (patent US 
8,631,667 B2 granted on Jan 21, 2014). They introduced a stratified storage into the adsorption system as the heat 
recovery unit of the system. It is well known that under the same average temperature, stratified storage can store more 
energy than traditional mixed storage. In the adsorption cycle, the stratified storage can reduce the entropy production 
due to the external coupling of the adsorber to the heat source and sink. The group studied on the heat recovery of 
adsorption system with stratified storage for a stationary cycle, i.e. for an operating mode in which the storage is in 
the same state after the completion of each cycle.  However, the stratified storage could also be utilized as a buffer 
storage for the driving heat, i.e. as an alternative energy source, which can be used to supply the heat energy to 
adsorption chiller continuously when there is shortage of the energy supply [7]. 
In this paper, based on the adsorption refrigeration system of KIT, the cooling capacity and COP variations of 
adsorption refrigeration with stratified storage system were studied under two situations, one was without the heater 
and used the stratified storage as an alternative energy source, the other was a standard one in which the heater operated 
continuously. 
The principle of using stratified storage in order to realize the heat recovery of adsorption refrigeration is introduced 
in section 2; section 3 is the control strategy, in which the external energy sources are disconnected; two experiments 
are described in section 4 to compare the control strategy to a standard one; the conclusions and further work are 
shown in section 5. 
2. Principle of the adsorption refrigeration system 
Heat recovery of adsorption refrigeration system can be realized through stratified system, for there is an overlap 
between the adsorption and desorption differential heat curves. Fig. 1 shows the adsorption and desorption curves of 
silica gel-water working pair at a given working condition (given evaporation temperature, condensation temperature 
and regeneration temperature). The area under desorption curve (solid line) represents the heat required for desorption, 
and the area under adsorption curve (dashed curve) represents the heat released during adsorption for the given 
conditions. The overlap represents the heat that can be recovered in an ideal cycle, which is a considerable amount. 
For different working condition and different working pairs, but in many cases a considerable temperature overlap of 
the sorptive heats exists. 
A particular cycle for adsorption heat pumps that enables recovery of a large fraction of this recoverable heat is the 
“Stratisorp” cycle (patent US 8,631,667 B2) which is based on the idea to store the recoverable heats at various 
temperatures in a stratified heat storage equipped with temperature-controlled loading and unloading mechanism [7]. 
The cycle concept was first published by F.P. Schmidt et al. [10] and was further developed in his research group. The 
system sketch of a “Stratisorp” cycle is shown in Fig. 2. The system consists of heater, cooler, adsorber, evaporator, 
627 Weilin Li et al. /  Procedia Engineering  146 ( 2016 )  625 – 631 
condenser and a stratified storage. In standard situation, the heater is used to heat the top of the storage and keep it at 
a fixed temperature (e.g. 75qC, corresponds to the regeneration temperature for silica gel) and the cooler cools down 
the bottom to keep it at lower temperature (e.g. 27qC, is the condensation temperature). 
 
Fig. 1. Adsorption and desorption curves of silica gel-water working pair [7]. 
 
                            Fig. 2. (a) adsorption half cycle   (b) desorption half cycle  [7]. 
The rings of the storage are the channels for supplying water to and extracting water from the storage. The fluid 
extraction is selected by an external multi-pass valve and a stratification pipe enables the water enter into the level 
with the same temperature. The rings helps the whole process won’t disturb the water of other temperature levels. 
One typical adsorption-desorption cycle is introduced to explain the effect of the stratified storage. Suppose that, a 
cycle begins at adsorption, i.e. refrigeration. At first, water at   second highest level is used to cool down the adsorber. 
The water heats up then goes back to the higher level of the storage. When the temperature difference between the 
supply and return water is less than some setpoint value e.g. 1K which means the adsorption is nearly complete at this 
temperature region, the supply water moves to next lower level and cools down the adsorber continuously, until the 
supply water reaches the bottom of the storage. When the temperature difference between the supply and return water 
of the bottom level is less than a certain value, which means adsorption half cycle is finished, the system switches to 
desorption. Opposite to adsorption, desorption half cycle first uses the bottom water to heat up the adsorber to 
regenerate, and when the temperature difference between the supply and return water is less than a certain value, the 
supply water is extracted from the next higher level until arrives at the top of the storage. During one cycle, the heat 
628   Weilin Li et al. /  Procedia Engineering  146 ( 2016 )  625 – 631 
generated in adsorption half cycle is recovered in the stratified storage. The part of that heat that is available at high 
enough temperature is used for desorption during the next half cycle. For more detail, please refer to the paper [9]. 
3. Control strategy 
Utilizing stratified storage is an effective method to realize the heat recovery of adsorption refrigeration system. 
And stratified storage can store energy to supply to adsorber when the energy supply is scarce and the system needs 
to disconnect the heat source temporarily. In this paper, the performance of adsorption refrigeration after disconnecting 
the external heat source is studied. 
In this control strategy, when the energy supply is adequate, the whole storage is heated up to store the heat energy 
as much as possible, i.e., it is charged as a sensible heat store. Then, when the energy supply shortage happens, the 
system disconnects the heat source and only uses the energy stored in the storage. 
The whole storage is almost at same temperature right after the heater is disconnected, which is different from the 
typical cycle with stratified temperature where the heater operates continuously. The process of extracting water from 
one level switching to next level will be very fast, for the temperature of the storage is almost uniform which results 
in the difference between the supply and return water to become quickly less than the setpoint value (1K in this 
research). In this process, the cooler was kept off. When the supply water is extracted from the bottom of the tank, the 
cooler turns on to supply cooling water to cool down the adsorber until the adsorption ends. Keeping the flow rate of 
cooler same as or little less than the flow rate of adsorber is important during the time when the cooler is on as the 
surplus cooling water from the cooler  would go into the bottom of the storage and waste the heat energy stored in the 
storage. When the system switches to desorption half cycle, the cooler is switched off again and the heat stored in the 
storage is used. Thus, the storage is cooled down level by level and becomes stratified. In the second cycle, the storage 
will be heated up a little bit due to the heat of adsorption. But, the amount of heat released is less than the heat used 
in desorption, so the storage will be cooled down cycle after cycle. 
The cooling COP of one cycle is calculated by the equation (1). According to the definition of COP, the 
denominator is the driving heat supplied to the system for desorption. In the analysis of stationary cycles with the 
stratified storage, the system boundary is usually drawn such that the storage is part of the system. In that case, the 
heat supplied by the external heat source (cf. Fig. 2) to the storage is taken as the “expense” for the COP calculation. 
Since the cycle is stationary, the temperature distribution in the storage is stationary as well (i.e., it is the same at the 
beginning of each new cycle). In the operating mode analyzed here (i.e., storage discharge), this definition of the COP 
cannot be used. Here, the system boundary is drawn such to exclude the storage, and all the heat supplied from the 
storage to the adsorber during the desorption phase is counted as “expense”. It should be noted that by this definition, 
the degree of heat recovery is not reflected in the COP calculation. A suitable figure of merit taking heat recovery into 
account would be the utilization factor achieved over the complete discharge phase of the storage (2) 
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Q
Q
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Q
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4. Experiments and results 
In this research, experiments of two control strategies were conducted to study the cooling capacity and COP 
variations when the system was disconnected from the heater. Details of these two strategies are shown in Table 1. 
One is a standard control strategy as introduced in section 2; the other is the one of section 3. The parameters such as 
evaporation temperature, condensation temperature, and regeneration temperature and flow rates, of these two 
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strategies are same. For convenience, the standard control strategy is called Control Strategy 1, and the strategy of 
which the heater is disconnected and the cooler is only used at the end of adsorption is called Control strategy 2. 
These two experiments were conducted on the adsorption refrigeration system platform of KIT. The stratified 
storage is with six groups of two-way valves to exact water from and return water to the storage at six levels. Fifteen 
temperature sensors are installed in the middle of the tank vertically to monitor the temperatures of the storage. The 
principle of this system is shown in Fig. 2. The adsorption module used here is a silica gel / water unit with a single 
vacuum chamber and a combined evaporator / condenser heat exchanger. The adsorber is a lamella heat exchanger 
containing appr. 8 kg of silica gel. 
Table 1. Two control strategies. 
No Control strategy 1 Control strategy 2 
Strategies Standard Alternative Energy Source 
Description 
Connect heater and cooler all the 
time 
Disconnect the heater and only use the 
cooler at the end of adsorption 
Parameters 
Evaporation temp. 18 18 
Condensation 
temp. 
27qC 27qC 
Regeneration temp. 72qC (initial) 72qC 
Adsorber flow rate 800L/h 800L/h 
Storage temp. 27~72qC (initial)68~72qC 
Table 2. Experimental results. 
Parameter COPcooling Pcooling(kW) Kdischarge 
Control Strategy 1 0.44 1.10 − 
Control Strategy 2 
Cycle1 0.36 1.32 0.19 
Cycle2 0.37 1.49 0.23 
Cycle3 0.37 1.52 0.27 
Cycle4 0.42 1.23 0.29 
Cycle5 0.43 1.23 0.33 
Cycle6 0.47 1.10 0.37 
Table 3. Energy variation of each cycle (strategy 2). 
Cycle Number Qevap(MJ) Qdesorp(MJ) 'Qstorage(MJ) 
Cycle 1 3.00 8.95 15.93 
Cycle 2 3.68 10.02 16.17 
Cycle 3 3.62 9.68 13.28 
Cycle 4 4.29 10.12 14.57 
Cycle 5 4.11 9.40 12.55 
Cycle 6 3.78 8.01 10.28 
After the experiments had been completed, it was detected that due to some leakage in the vacuum system, an 
inertial gas pressure of 1~4 mbar had accumulated in the system, leading to a deterioration of both power and COP 
values. 
In the Control Strategy 1, the energy stored in the storage will not change after several cycles (once a stationary 
cycle has been reached), which means the heat recovered from adsorption diminuishes the heat having to be supplied 
by the heater for desorption. The system reaches a stationary cycle, when the energy of the storage doesn’t change 
630   Weilin Li et al. /  Procedia Engineering  146 ( 2016 )  625 – 631 
and the COP will not change significantly any more. The cooling COP of a stationary state is the COP of the standard 
control strategy. 
 
Fig. 3.  The temperature variations during each cycle 
The storage is cooled down cycle by cycle under Control Strategy 2, so the cooling COPs and cooling capacities 
of each cycle are the indexes to judge the strategy is feasible or not. When the COPs and cooling capacities are more 
than 80% of their values under Control Strategy 1, Control Strategy 2 is considered feasible. 
The experimental results are shown in Table 2. The cooling COP of control strategy 1 is 0.44 and the cooling 
capacity is 1.10 kW.  Due to the experimental limit, only 6 cycles were conducted of Control Strategy 2. The cooling 
COP of each cycle kept higher than 80% of 0.44 (COP of Control Strategy 1) after six cycles, and the cooling capacity 
was more than 1.10 kW. However, after 3 cycles, the cooling capacity was decreasing cycle by cycle. It can be 
concluded that the cooling capacity would be less than 80% of 1.10 kW if more cycles conducted. The utilization 
. 
The cooling capacity (Qevap), energy expensed during desorption (Qdesorp) and storage discharge ('Qstorage) of every 
cycle of control strategy 2 are shown in Table 3. 
Table 4. Cooling energy used of the cooler of each cycle 
Cycle number 1 2 3 4 5 6 
Pcooler(kW) 6.88 5.90 4.61 3.69 3.15 2.71 
Index 1 0.86 0.67 0.54 0.46 0.39 
To analyze the COPs and cooling capacity variations of different cycles further, the temperature profile of the 
storage at the end of each cycle is shown in Fig. 3. It can be seen that, the storage developed from an initially almost 
uniform (high) temperature into a highly stratified state over the course of 6 cycles, which is caused by the heat 
consumption during the desorption half cycle. During each adsorption half cycle, some of the heat of adsorption is 
recovered in the storage, and the part of the heat of adsorption that is released at too low temperature to be useful for 
desorption is transferred to the cooler (cf. Fig.1).The temperature variations during each cycle are shown in Fig..4. 
There is an obvious temperature increase at the beginning of each cycle, which is caused by the heat recovered from 
adsorption. This phenomenon is most evident from sensor “T5”, which goes up during adsorption and goes down 
during desorption. 
To see the variation in Pcooler (the average power of heat rejection from the adsorber during the operation time of 
the cooler in control strategy 2 directly, we take the Pcooler of the first cycle as 1, so the 
631 Weilin Li et al. /  Procedia Engineering  146 ( 2016 )  625 – 631 
1,, cyclecoolerxcyclecoolerindexcooler PPP      (3) 
which is showed in Table 4. 
5. Conclusions 
Stratified storage stores and utilizes energy in ladder-form, so it can realize the heat recovery of adsorption 
refrigeration effectively. As an energy storage unit, stratified storage also can be an alternative energy source when 
the energy supply is in shortage. In this paper, two experiments were conducted to study the performance of adsorption 
refrigeration system when disconnected from the heater, based on the test platform of Energy and Building 
Technology Group (FSM, KIT). Before disconnecting the energy supply, the storage was heated up to store the energy 
as much as possible, and then the heater was disconnected and only utilized the energy from the storage. The 
conclusions of this research are: y With disconnecting the heater and using the cooler at the end of adsorption half cycle, the COPs of adsorption 
refrigeration cycle is almost same as the one of a standard control strategy. But the cooling capacity is decreasing 
after a few cycles, which means after certain cycles the energy of the storage will be too little to drive the 
refrigeration system any more y Though using stratified storage much heat from adsorption half cycle can be recovered, the amount of heat is 
still less than the heat needed during desorption. After disconnecting the heater, the stratified storage is cooling 
down cycle by cycle. y It is feasible to take advantage of stratified storage as an alternative energy source temporarily. 
Further work may include conducting more cycles of Control Strategy 2 with a properly evacuated sorption module, 
disconnecting the cooler when the temperature of the bottom of the tank meets the requirement, and studying the 
performance of the system. The discussion of implications should tell readers what the importance of the work is for 
others including researchers, building designers, owners and operators, or occupants. 
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